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Abstract 
In aluminum matrix composites, presence of hard particles inside the matrix which causes tool wear, poor surface finish and high 
cutting forces while machining. This paper discusses the influence of graphite particles and cutting parameters on drilling 
characteristics of hybrid aluminum matrix composites (AMCs)—Al6063/6%Al2O3p and Al6063/6%Al2O3p/1%Grp. The 
composites are fabricated using stir casting method. Experiments were conducted with TiN coated carbide tools and commercial 
carbide tools at various cutting speeds and feeds. Design of experiment of full factorial design is employed to analyze the drilling 
characteristics of these composites. Burr height and surface roughness of the drilled hole was investigated with special attention 
paid to the effects of graphite particles. The chips formed when machining graphitic composites are more discontinuous which 
led to better surface finish than non graphitic composite. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Organizing Committee of GCMM 2014. 
Keywords: Drilling; Burr height; Chip morphology; surface roughness; Graphite; 
1. Introduction 
Drilling of metal matrix composites (MMCs) has received substantial attention because of the poor surface 
finish, burr height and high tool wear associated with machining due to hard particles presented as reinforcement in 
the matrix. The particle-reinforced aluminum alloy composites which are among the most widely used composite 
materials are rapidly replacing the conventional materials in various industrial and engineering applications from 
automotive to aircraft components [1].High hardness of aluminium oxide (Al2O3) or silicon carbide (SiC) particles 
are commonly used to reinforce the aluminium alloys, due to effect of their highly abrasive nature causes poor 
machinability [2]. 
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Aluminium matrix composites (AMCs) reinforced by carbides and oxides have been successfully produced by stir 
casting method which is the most economical of all the available routes for MMCs production and allows very large 
sized components to be fabricated[3].Additions of Ceramic particles like SiC, Al2O3 in AMCs increases the 
mechanical properties and wear resistance of the composite. Further it increases the hardness of the composite 
which cause the material more difficult to machine. MMCs applications are restricted by their poor machinability, 
which is an effect of their highly abrasive nature. This causes excessive tool wear in cutting of ceramic reinforced 
aluminium matrix composites with tungsten carbide tools and even with diamond tool [4]. 
Influence of cutting parameters on thrust force, surface finish, and burr formation in drilling of 
Al2219/15SiCp and Al2219/15SiCp-3Gr composites analyzed by Basavarajappa et al. [5] fabricated by liquid 
metallurgy method. It was reported that graphitic composites exhibit lesser thrust force, burr height, and higher 
surface roughness when compared to the other material. Paulo Davim and Conceicao Antonio [6] have conducted 
drilling tests and noticed that abrasive wear mechanism attributed to the hard particles in the matrix. It was found 
that surface finish was affected by the feed rate and not by the cutting speed. Although the ceramic particles increase 
the mechanical properties in composites, it also gives rise to machinability problem [7]. But it can be improved by 
an addition of small amount of graphite particles with aluminum matrix composites. Further along with hard 
particles, addition of solid lubricant particles such as graphite as hybrid reinforcement also improves the tribological 
properties of the composites [8]. 
 Sharma et al. noticed that during drilling of graphite reinforced aluminium matrix composites, tool life of 
HSS drill bit gets increased compared to the base alloy as graphite being solid lubricant reduces the friction at tool–
work interface[9].Songmene and Balazinzki [10] found that incorporation of graphite particle into aluminum MMCs 
improve the machinability of the composites during drilling of Al/SiCp, Al/SiCp–Gr andAl/Al2O3–Gr 
composite.YahyaAltunpak[11]investigated the drilling operation on Al/20%SiC/5%Gr and Al/20%SiC/10%Gr 
hybrid composites fabricated by vortex method and concluded that for all cutting conditions, Al/20%SiC/10%Gr 
composite has lower surface roughness values than Al/20%SiC/5%Gr composite. Results indicated that inclusion of 
graphite as additional reinforcement in Al/SiCp-reinforced composite reduces the cutting force and further it is 
noted that more addition of graphite reduces the surface finish. 
Surface quality of the machined component depends on the types of chip forming and chip morphology 
during the machining process [12]. Continuous and the discontinuous or serrated chip are the two common types of 
chip morphologies are formed while machining process. Discontinuous chip formation is related to the localization 
of plastic flow by shear, which occurs periodically along the length of the chips. A discontinuous chip is easier to 
break and dispose during automated machining [13].In view of the above, an attempt has been made to study the 
effect of graphite on machinability of Al6063/6%Al2O3pwith small amount of graphite particle addition along chip 
morphology produced during drilling. 
2. Materials and Experimental Method 
2.1 Materials used 
Aluminium alloy of AA6063 is used as a matrix material. The Alumina (Al2O3) particles of size 20 μm and 
Graphite (Gr) Particles of average size 80μm are used as the reinforcement materials for fabrication. The composites 
fabrication is carried out with ﬁxed quantity of 6 wt.% of Al2O3 and with 0–1 wt.% of Graphite particles in steps of 
1 wt.%.. The composites are fabricated by using stir casting method at optimal speed which ensures the uniform 
distribution of the reinforcements in matrix alloy.  
In order to conform the uniform distribution of reinforcement over the matrix for AA 6063-6wt.% Al2O3-1 wt.% 
Gr hybrid composite was examined using FEI Quanta FEG 200 – High Resolution Scanning Electron Microscope 
(HR-SEM).From Figure.2 the uniform distribution and embedding of reinforcement over the matrix was clearly 
observed for AA 6063-6wt.% Al2O3-1 wt.% Gr hybrid composite. 
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Fig.1. Fabricated Hybrid composite samples 
 
 
Fig. 2 Hybrid composite SEM micrograph of AA 6063-6 wt.% Al2O3-1 wt.% Gr. 
498   A. Saravanakumar et al. /  Procedia Engineering  97 ( 2014 )  495 – 504 
 
2.2. Experimental design 
Drilling tests were conducted on FEELER FV-800A CNC machining centre. Solid Carbide tool (parallel 
shank) twist drill bit of 10mm diameter was used for drilling in this experiment. The machining samples were 
prepared in the form of 130mm×25mm×10mm blocks for each material. The tests were performed at dry condition 
for different cutting speeds and feed rates. For experimentation, design of experiment in statistics has been used. The 
merit of this experimental scheme is that the cost of experimentation is reduced considerably as compared to one 
factor at a time type experiment. The identified factors and its lower and upper limits in the research work are given 
in Table1. In this experimental scheme, all possible combinations of levels are included which is shown in Table 2, 
so that there are 2n(where n refers to the number of factors and 2 represents number of levels, i.e., 24 = 16) trials in 
the experiment. 
 
 Table1. Upper and Lower limit of parameters 
            
 
 
 
 
Table 2. Full factorial level design 
Exp.No 
Speed 
(rpm) 
Feed 
(mm/min) 
Graphite 
(%) 
Tool 
1 3000 50 1 1 
2 3000 150 1 0 
3 1000 150 1 1 
4 3000 150 0 0 
5 1000 150 0 1 
6 3000 50 0 1 
 7 3000 50 0 0 
8 3000 50 1 0 
9 1000 50 0 0 
10 1000 50 1 1 
11 1000 150 0 0 
12 1000 50 0 1 
13 1000 50 1 0 
14 3000 150 0 1 
15 1000 150 1 0 
16 3000 150 1 1 
 
Levels 
speed(A) 
(rpm) 
feed(B) 
(mm/min) 
Gr(C) 
(%) 
Tool(D) 
(Carbide tool) 
I 1000 50 0 Un-coated (0) 
II 3000 150 1 Coated (1) 
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Fig.3. (a)Carbide twist drill bit (b) Drilled Composites 
3. Result and Discussion 
The test results of burr height and surface roughness of the machined components are tabulated with the 
respective levels of parameters in Table 3. SP-300 Profile Projector was used to measure the burr height of the each 
hole at the exit side of the hole. Surface roughness values for the drilled hole surface were carried out in using 
surface roughness tester of HANDYSURFE-35B.Experimental values are fed into statistical software of Minitab15 
for the interpolation of results and for correlating the parameters chosen with the responses taken into consideration. 
 
Table 3.Experimental results of burr height and Roughness 
Exp.No 
Speed 
(rpm) 
Feed 
(mm/min) 
Graphite 
(%) 
Tool 
Burr 
Height(mm) 
Roughness 
(Ra) μm 
1 3000 50 1 1 0.15 0.37 
2 3000 150 1 0 0.2 1.9 
3 1000 150 1 1 0.59 0.8 
4 3000 150 0 0 0.415 2.3 
5 1000 150 0 1 0.755 1.14 
6 3000 50 0 1 0.18 0.98 
 7 3000 50 0 0 0.3 1.1 
8 3000 50 1 0 0.1 0.9 
9 1000 50 0 0 0.465 0.8 
10 1000 50 1 1 0.14 0.99 
11 1000 150 0 0 0.925 1.2 
12 1000 50 0 1 0.25 1.15 
13 1000 50 1 0 0.285 0.54 
14 3000 150 0 1 0.69 2 
15 1000 150 1 0 0.395 0.9 
16 3000 150 1 1 0.225 1.05 
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Fig.4 Main effects plot for Burr Height and Surface Roughness 
In Fig.4, each factor (cutting speed, feed, tool and percentage of graphite) and their level’s effect on the formation of 
the average burr height and surface roughness are shown. Small addition of graphite particles to composite 
drastically reduced average burr height which is very useful during drilling operation. The same effect has been 
observed in main effects plot for average surface roughness also. When the feed parameter changes from 50 to 150 
mm/min it increases the burr height and surface roughness too. When the speed increased from 1000 rpm to 
3000rpm it reduces the burr height and improves the surface finish. For all the combinations average values of the 
burr height and surface roughness are calculated. By using the above calculated values, interaction graphs are drawn 
for each combination of levels shown in Fig. 5. From surface roughness interaction plot, it clearly indicates that AD 
is significant than AB and BC. The interaction effect of burr height plots shows that BC, BD are significant than AB 
and AD interaction. So burr height greatly influenced by addition of graphite particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Interaction plot for Burr Height and Surface Roughness 
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Fig. 6 Pareto chart for surface roughness and burr height 
The effects of different parameters can be analysed using standardized Pareto chart normal probability plot. 
Fig. 6 shows the Pareto chart described both the magnitude and the importance of an effect of different machining 
parameters. This chart displays the absolute value of the effects and a reference line on the chart is drawn. Any 
effect that extends past this line is potentially important [14]. In this chart factor C passing this line in surface 
roughness along with factor AD. Another observation from burr height chart, factor B (feed) passed the reference 
line on the chart. Investigation from Pareto chart shows that percentage of graphite and feed are high magnitude 
compared to other factors. Fig. 6 described clearly that percentage of graphite influencing the burr height and 
surface roughness of the drilled hole. Further, it was noted that the feed rate increases the surface roughness while it 
increased from 50 to 150 mm/min which affects the surface quality of the drilled hole. The surface roughness 
increases with the feed rate and decreases with the percentage of Gr. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Normal probability plot for surface roughness and burr height 
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Normal probability plot are used to identify the effects of factor and is shown in Figure3. Based on ‘Central 
limit theorem’’ Normal probability plot is constructed. The  procedure  for constructing  the normal probability plot 
is given elsewhere [15, 16].As per the normal probability plot, points which are close to a line fitted to the middle 
group of points represent  estimated  factors  which  do  not demonstrate any significant effect on the response 
variable. On the other hand, the points appear to be  far  away  from  the  straight  line  are  likely  to represent  the 
‘real’  factor  effects  on  the  burr height and surface roughness[17].From Fig. 7, it has been declared that the main 
factor C and two factor interactions AD are quite away from the straight line and are considered to be significant for 
surface roughness and also noted that main factor B quite away from the straight line and are considered to be 
significant for burr height. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Chip formation (a) With Gr (b) Without Gr 
 
The continuous and curling chips produced in Non graphitic composite material during machining gets 
curled within the tool work interface and needs to be removed at short interval during drilling. The tool work 
interface tends to be less affected by the chips produced in graphitic composite material as they gets break off at 
regular interval. In addition to that the chips formed when drilling Gr reinforced composites were more 
discontinuous when compared to Al2O3 P reinforced composites which are shown in Fig. 8(a) and Fig. 8(b) and 
hence it leads to better surface finish. Discontinuous chips are formed during drilling of graphitic composite material 
which is easier to break and dispose during machining. Edges of the chips were analysed using microscope shown in 
Fig.9 (a) and Fig.9 (b). From that it is observed that graphitic composite chip edges localization of plastic flow by 
shear, which occurs periodically along the length of the chips due to this chip gets break off at regular interval easily 
where as in Non-graphitic composite continuous and curling chips produced in machining gets curled within the tool 
work interface and also difficult to remove at short interval time during machining which affect the drilled hole 
surface quality. 
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Fig. 9 Chip side edges view (a)WithGr (b) Without Gr 
4. Conclusion 
Full factorial design of experiment method was adopted and analysis was performed to investigate the effects of 
cutting speed, feed, graphite particles and tool on the surface roughness and burr height in the machining of particle-
reinforced hybrid aluminium alloy composites. Al/Al2O3p/Grp and Al/Al2O3pcomposites were successfully fabricated 
by stir casting method.. Influence of graphite particle as a second reinforcement in the matrix in terms of burr height 
of exit hole, surface roughness of drilled hole and chip produced during drilling was investigated. From the results 
of this study, the following conclusions were drawn: 
i. The incorporation of small amount of graphite in Al2O3p reinforced composites helps to reduce the burr 
height of exit hole during drilling process. 
ii. Al/Al2O3p/Grp graphitic composites shows better surface finish than Al2O3p reinforced composite .It is 
observed that surface finish of drilled hole and quality of hole is greatly influenced by graphite particles. 
iii. Addition of graphite particles as a second reinforcement with Al/Al2O3p composite material helps to shear 
easily and formation of discontinuous chip during the drilling of the composites.  
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